. Vought- Sikorsky Aircraft, 
x"^ Div. , United Aircraft Corp., 
^'v^ Stratford, Gonn^ 
'^^0 Att., Mr> \Gha.s. J, McCarthy 



■ mm-mm) mun um 



TO 





Source of Acquisition 
CASI Acquired 



NATIONAL ADVISOEY COMMITTEE FOR AERONAUTICS 




5 Sk? 

114 s 



ADVANCE CONFIDENTIAL REPORT "^^//^ 



^ 5 ¥ 



?11LIMIH1EY IHfESTIGATIOI 01 THE 2PPECT OF C OMPaS S SIBIL If f 

OF THE MAXIMUM LIfT COSfFIGIlNT 

By John Stack, Henry A. -ledziuk, and Harold E, Cleary 

Langley Memorial Aeronautical Laboratory 
Langley Field, 



at 



. CLASSIFIED DOCUMENT 

This document Contains classified 
information affecting the National 
Defense of the United States within 
Lhe meaning of the Espionage Act, 

\}tC. fiO.'Sl anrt %"? . Tt.a f.vanom^ ooA 

n Unclassified - Notice remarl<ed 4/17/09 



P 

ed only to persons in the military 
and naval Services of the United 
States, appropriate civilian offi- 
cers and employees of the Federal 
Government who have a legitimate 
interest therein, and to United 
States citizens of known loyalty 
and discretion who of necessity 
must be informed thereof. 



February 1943 



IIOyGHT-SIKflSSW jUBCBilfJ um 



HATIOUAL ADVISORY COMMITTEE FOH AEEONAUTICS 



ADVANCE COiri'lDBITIAL SSPOaT 

.PESLIMIHARy INVESTIGATION OP THE BFEBOT .OF -COMPEESS IHIjIT-Y 
ON THE MAXIMUM LIFT COEFFICIENT 
By JoKn Stack, Henry A, y^>dziuk, and Harold E . Clpary 

• - ; ■ SUMMAEY - . • 



Prpliminary data ?.rf> pr-i^ s i^-nt c" on th^- -yar iat i on of 
t'hf^ -.maximvim •lif:t- cc^f f icip-nt with ,Mach numtpr, - T-h^^. d-eiVa 
WPTP o'btainpd from tp-8t$ lti:.,thp' 8— foot high— sppf^'d tunnel 
•of thr<=f^ NACA -iS-s^rips airf-oils of 1— f oot chord. M^as — 
urpinonts consis'tptd primarily of pr pssur p— dis tr ihut ion 
mpasurpfflpnts in ordpr to illustratp thp naturp of t:hf=>- 
phpnompna , " ■ 

It- was -f'ound that.t-hp maximum • 1 if -t- copffieipnt of 
airfoils is markpdly aff<^ctpd "by c ompr.'ps s ITd i 1 ity '^.vpnat 
I'iach numhprs as low as 0.2. At .high Mech numlDprs pro- 
nouncpd .inc.r'='asp of thp maximum lift copff icipnt was 
found. Thp magnitudp of th*^ . .'^f f ct s of comprpss ihility 
on thp maximum lift copff icipnt and • .thp low.spppds at 
which thpsp pffpcts first apppar indioatp clparly that 
G ons idpr at i on of thp takp-o.ff thrust for proppllprs will 
givp rpsults spriously in.prror if these considerations 
are hased on the iusual low— speed maximum— lif t-^coeff ic lent 
data generally -Used, 

INTEODUCTION 



The relative merits of difff^rent airfoil sections 
suitable for propellers are frequently evaluateri hy consid- 
eration of their critical speeds at low lift coefficient 
and their values of • maximum lift coefficient as determined 
from low— spepcL tests, -The basis, of such a c ons ir" erat i on 
is the assumption often made that because the speed is low 
in the take— off condition the compressibility effects may 
bo ignoreri. Actually, compressibility effects may bp of 
vital importance in the take-off condition because the pro- 
peller sections sire operating at high lift coefficipnts 
for which the inducpd vplocltieg are high anci , cnnsequpntly 
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thp critical spp^^ds arp very 1qw». ■ Bo-causR thrust avail— 
atlp for takp— off is ' gpn^r a lly c! p t pr minf= d "by t hp magnitudp 
of thp maximuia lift copf f ic ipht , it is thprpforp important 
to .know - till?, var iation . of th^ max-lmuHi .lif t c off f ipif»nt ; with 
"Maeh hiim'bpf . 

It has hpp'h shown ' in rpfprpncp 1 and plspwhprp that 
vpry lar ..cha.ngps in thp charactpr ist ics of . an airfoil 
occur as thp fi-pp— strpam spppd is incrpaspd to fairly 
largp valups , ■ It has also hppn shown that thp spped at 
which dptrimfntal cha.ng<^s ,.in- thp airfoil char ac t pr i s t i c s 
occur is a function of thp lift copfficipnt and dpcrpasps 
with incTpasp in lift c opf f ic ii^nt . Calculation of crit- 
ical spppd s, in ,t,hp region of . the ma3ciinuin._-l,if t • copff ic if^nt 
givps vpry lo.w.valups, • for .ordinary .airfoils r. critical 
spppds of ■ thp ordpr . of ' 150 .milps por hour at sp.a ;1pvp-1 • 
a,rp ' olitained*. . ,T.his -^low -cr it-ical sppp,d. is, -of eoursp.a 
congpqup.ncp of thp vpry high local yplocitip.s oypr th«- 
Ipading .pdgp. .portion of an airfoil ..at . high anglps. of at- 
tack, 'Although shock 'may not form at thp calculat<^d valup 
of t hp critics! spppd hpcausp of thp critical form of thp 
pr p.s suP'^-'d is tr Ihut ion .d.iagr am , . spparst i on • Is known to 
.occur , .Bpcausf> thp maximum lift phpnompno.n is p&spntially 
a s p.p.are,,t i on. phpnomp-non , .larg<='- ohangp-s -in . thp maximum 
lift' c.npfficlp.nt might -hp pxppcjtpc", -Dptr Imp.ntal pffp-cts 
ha-TTR. ■b.P.p.n f ound f or an .HACA 0012 airf oil at a ...Mach numh-pr 
as .16w '>as' Q,3. (rpfprpncp 2 ) • 

■ 'Takp— of f . opprat i on "o,f proppl'lprs .gpnorally Ipads to 
tip ..Mac-ii nurnhprs .as .high . as . 0. 9» Hpncp , p,vpn t.he inhoard 
sp.ctiohs may show, important c omprpss ib il i ty pffpcts on . 
t hp' maximum lift c opf f ic ipnt . Thprpforp., thp ,.whol'= take- 
off pprformancp may hp affpctpd. With such operating 
conditions, a comp&rison of spcticns hased on low— spppd 
data is coaplptply invalid,- • 

Soinp data on thp variation of maximum lift copfficipnt 

with .Ma.ch numh.pr ar.p . a.lrpady ■ ava.ilahlp . in rpf.arenqps 1 and 
3 and thps,° data inrlicatp .that high values, of • maxi-m.um lif t 
copfficipnt may hp oh.tainpd in somp i.nstancps, ThPSP data, 
howpypr , ..arp. ra.t.hor . 1 ii.:it.pd an.d ^no. clpar. inriication of thp 
phpnom-^na, is. indicatp.d. , .-Thp Rpyholds numbpr f.pr. thps.p .. 
data is lowpr. than,th-p ,oppr at ing .Bp'yno Id a Jiumh.pr. for. pro— 
ppllpr .>.tfi.c?p, .spctions' and this factor is -.Important h.pcausp 
nroppllp.r sWcti-'^ns .^rdi^nar ily^ opprat-p .in. .a critical • 
Rpy.n.old s. num^)p>' ..r.angp ,. A. f ur.thpr "limitat i.on is. d,up to. . 
tu.nnpl-wall pffp-cts hp.causp of. thp rpl,ativp,ly larg.p sizp 
of modpl' 't G tunn*^! , th.p ..rat.io of ..th" airf.oil- chord. -to thp 
r^iam^tpr of thp tunnp'l hping approximatply 0,18, 



Bpcansp of th." importsncp nf . thp " <=>£ f *"ct of corapros— 
sibility on th(= naxinum lift ccpff ici^n}; and th° incoa— 
pl°te data availalilp , a dptail^^d invr s t igat i on of th« phf^— 
noniPna has "bP^n plaian<=d "by- thp lAGA-. The gf.nBPal inves- 
tigation will includp t^sts of • s » v^r al / a i rf o i 1 s- c ov^-r ing 
r-cpr pspntat ivp thicknpss and camh '^r . rangp s ,. ■ A par t ■ nf thp 
invi=s t igft it>n has hppn complptpd and a- ps,rt of thp data 
so far obtained is r«portPd h'prpin,- - 

Thp' tpsts wpr-^' con'iUctPd. in th" KACA 8-foot, high- 
spppd tunn-^l on nr^r'^ls of 1— f oot chorri in ord.pr to obtain 
higher Rpynoldg numhpr and rf^ducpd wall pffi=cts, Thp 
"tPsts c ons is t pd ,' pr incipally , of. pr«>8 sur p— ri i-s tr ihut i on 
mpasurpmpnt s at o'n^ station at th« -cpntpr of thp airfoil 
Ki'^dpl, which spannpd th^ tunnpl, • Thp results, ar^ psspn— 
tially twp-d iiapn's ional , Part tciil^'.r 'pmphas is .was placpd 
on pr sur d i s tr ihut i on t^sts rather than on fr.rcp tPSts 
h^causp tho typo of phonom-^na that occur is morp clparly 
illustratpd, Thf> -Mach nunhpr rango pxtpndpd from 0.12 to 
0.53. 



APPARATUS AND- METHODS 



Thp NACA 8-foot high-spppd tunnpl,, in which thp tPsts. 
WPTP carripd out is a s inglp— r pturn , circular— spct ion , 
•clospd-thr oat tunnpl, Thp airspppd is continuously con— 
trollahlp from ahout 75 to 550 rnilps ppr hour. Thp tur- 
hulpncp cf thp air strpaa as indicatpc' by transition m^'as — 
urpiapnts on airfoils is unusually low "but somf>what highpr 
than in frpp air. 

Thrfp. modPls having NACA 16-209, 16-509, and 16-515' 

airfoil spc-tio^ns of 1— foot chord w^r^ inv^s t igatpd . Thirty 
pr-pssur'' orif icps^ dts.tr ihut pd along thp c'hord wpri= locatpd 
•at- psspntially th/>^ spanwisp stat'ion at thp' cpntpr of thp 
air s t r p a ra , . Thp >r if Iqp. lb ca t i o ja's," anr- a i-r-f oil shapes are 
shown in figur-p 1\ ThP airfDil or d.inat ps werp ca.lculatpd 
by thp methods dpscrihed in rpferenc* 4'and are given in 
tahl''^ ,1. • \ ., •: ■ ^ " - y . . , ■ 

ThP aodpi,, when mount pd in the tunnel, completply 
spannpd -thp jpt. (f ig , . 2 ) , ' .Sxcept f or auxi 1 iar y ' s tr paaal i np 
wirp hracing, rpquirpd hpcausp of structural cons id prat i ons , 
the standard. 8~foot high-sp^ed tunnpl nodf>l mounting and 
sptup wprp paploypd.. Tpsts at low and mpd'iura spppds with 
an'^ without thp "bracps ihdicat.pd that ihtprf pr pnc of thp 
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auxiliary supports on thf^ flow at. the iipaBurf Qf»at station 
was- npgl igit l^ . ' • ' ' 

■ ll^asur oEp'n^ts" dons isted , pr incipally , of the chorc'wisp 
pry=Bsur« r^istribu-ti-on at thf mid spaii rpgion.-. The surface 
orif ice-s- in the airf oil were' connpctei"! to a lault ipl<=— tuh e 

:4aanpmeter -located rutsi'r'e thp test section,- The pressure 
tuhing conhpcting thp orifices wa,.s of small.- d iamet(?r and 
was located within-- thp wing. Simultaneous recording of the 
pressures at all orifices in, th^.. wing ■ wasr uade lay photo— 

. graphing'^-thp- inult ipip— tuljp manometer, 

The -. Mach. num"b'er rangp pxt^nripd from 0;13 to 0.53, 
I The Rpyno Ir* s ■ nunher rang<^ of . the .t s t s -and ■t.hp ■ var iat i on 
I of thp ■E-nsmol'^s' 'num'ber with th^ Mach ..nusiber '.ar-p . shown in 
'} f i.gur p, -3 .-. • T'hetp is also inclur'pri in figure, 3- a curve 
i sOi:0.wi]!ig 'thp r'elation hetwepn tHp B.pyn.o.l-ds nurabpr -and thp 
i M^ic-h. nUjahpr for unpublis^pd tpsts of. an Iff AC A- -0012 ffirfoil 
■■■mai^e in. thp- 19-f dot pressurp tunnpl-, .data jf -or; .which are 
■inc'luf' pr" • in this rppnrt for purposp of comparison.,'- 



attack range. ,The angle- of at tack at -which maximum lift 
occur'r.ed yaripd with the Mach . number M. The maximum lift 
f or the ,16— 20$. .airf-oil was found "to occur ait angles of at- 
tack hetweea 8''^ and 10° with no consistent trend .with Mach 
number. Per the 16—509 airfoil, the ma-ximum' lift' occurred 
at 10*^ at low Mach number a^d decreased with increase of 
Mach. number to 8° at a Mach number of 0.53. For the, 16-515 
airfoil, the angle of attack for maximum lift was 15° for 
Mach numbers up to 0,25 and decreased to 12° at a Mach num- 
ber of 0.53. The values of the maximum lift coefficient 
as presented in this report are approximate values , having 
been de,termined as the product of the- integrated normal- 
force copf,ficient and the cosine of the angle of attack. 
The drag component has not been included. Neglect of the 
drag component generally involves small effects "and do-^s 
not influpncp thp character of thp variation of thp maximum 
lift copfficient with Mach numbpr to any gr^at dpgrpp. 

Thp -var iat i on ..of thp maximum lift copfficj-pnt with Mach' 
numbpr is given in figurp 4, 'Pressurp— d is tr ibut i on diagrams 
for anglps of attack in th^ maximum-lift— copf.ficipnt rangp 
srp given in figures 5 to 8, In these figures, the pressure 
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cppfflcipnt P is dpfinpd as Ap/q.' vh^t^ Ap ' is th<=» 
diffprpncp tptwppn local static pr^ssurp arid fr-pp— stream 
static prpssurp and q is tlxp dynamic pr es sur p of the 
froo stream. For thp highpr. sp^pds , only. partial -pt^ssuTP 
d i s t r ibut i ons arp shown. Outsidp of thp rpgions showiii 
thp rpsults arp thp samp as for thp lowpr spe<=>d> 

ThPTp is also includpd in f igurp 4 thp variation of 
thp maximum lift with Mach numhpr for an lACA. 0012 airf o i 1 
as fourid from tpsts in thpFACA 19— foot prpssurp tunaPl , 
Thpsp data, which wprp tR,kpn from rpfprpncp 2, wprp^ from 
forpp tPsts of a wing having an asppct ratio of 6 and thp 
tip pffpcts arp thprpforp iiicludpd; whpr'^as thp data 
©"btain^d in th" pr^spnt i nvp s 1 1 gat i on arp psspntially 
t wo— d imons i onal , 'Othpr unpublished data indicat p thp 
pffpct of thp tips' may slightly incrpasp thp critical 
Mach numh^r. It is not "bpli^vpd likply, howpvpr , that thp 
charactpr of thp variation of maximum lift with Mach num- 
hprwill hp spriously altprpd hy thp tip «ffpct. ' 

iDis'Cussioir 



Of thp factors affpctihg variation of thp ra'aximum 
lift copf f ici^nf, th^ pffp-cts of Hpynblds numhpr arp gpn— 
prally undorstood pxcppt- whpn an incrpasp of -Rpynolds 
nurahpr is accompanipd hy an- incrpas-p- of- Mach nurnhpr-. 
With incrpasp of Mach numh-pr , comprpss ihllity p'f'f pct s '"bp— 
cofflp pronouncpd and, in gpnprsl, Ipad to spparation php— 
nompna with c ons pquent dpcrpasp in -thp vpIup of' thp' maxi- 
mum lift copffici^nt. As has ' pr p v i ous ly h^pn shown, com— 
pr p s s ih il ity pffpcts on thp maximum lift copfficipnt may 
prpdominatp pvpn at 'a Mach numher as low as 0.2 (rpf prpncf^ 
2). For data ohtained in this investigation hoth thp 
Rpynolds numhRr and- thp Mach numhpr vary, At vpry lo.w 
spppds thp Rpynolds number pffpcts prpdominatp but at 
highpr spppds thp compr ps s ib i lit y pffpcts prpdominatp. Thp 
cambpr and thp thicknpss ratio, particularly as thp nosp 
shapp may be aff pcted, can also he.rf a largp pffpct on thp 
maximum lift copfficiput and its variation with eithpr 
fipynold^ numbpr or Mach number, 

Thp variation of thp maximum lift copfficipnt plottpd 
against thp Mach numbpr is shovm in figuro 4 for thp thrpp 
airfoil spctions , KACA 16-209, 16-509, and 16-515. Thp 
charactPT of thp variation of thp maximum lift co'^fficipnt 
is inclicatpd tn bp a function r.f thp cambpr and thp thick— 
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nes8 ratio* For the NACi. 16-209 airfoil the maximum lift 
coefficient is essentially constant.. This result is in 
accord with previous results which have demonstrated that 
thin airfoils, hecause they generally have small leading-« 
edge.radili hate essentially. fixed separation points. An 
increase of camher markedly. alters hoth the value of the 
maximum J.ift coeff ie lent a.ji4 the' variat ion with Mach numher, 
as is shown hy the results for the HACA 16-609' airfoil,- 
'for.: this airfoil the. maximum lift coefficient increases 
'until a Mach; numher • of approximately 0,25 is' ohtained, 
JBBtween Machv aumTi'.'eT& of 0,25' and 0,40 the maximum- I'if't' 
coefficient ia essentially constant hut increases markedly 
as the Mach numher exceed's 0,4:0, Ah increase of thickness 
"increases to -a very g.reat extent the magnitude of the gen- 
eral; eff ects; ohservei .f or .the, thinner 16-509 airf oil "as is 
indicated hy -the data for -th.e 16-51.5 airfoil, • •• • - ■; 

; .' •;■ -Tije: i-ncrease in -.the maximum lift coefficient d'bserved 
• at 10:W' speeds .i-s similar to the .Reynolds numher effect 
commonly ohserved for airfoils of medium thickness. An 
increase of the Mach numher, however,' leads to larger' 
adverse pressure gradients hack of the peak pressure points 
and, hence, to the tendency toward earlier separation. 
With continued increase in Mach numher, the separation 
tendency hecomes greater until finally any favorable effect 
due -to • increase in-Reynolds nijimher is so counteracted that 
there - is-. either, no, increase or, ..as in 'the "cage -'of the HACA 
16rr515.- airfoil , .a fairly . l^rge decrease in the maximum lift 
coeffdci.ent,. -The fundamental m.echanism of these phenomena 
is . not elearly understoo.d and .considerable furtiaer investi- 
■ ga.'t ion; is , necessary, 

,. The. large increase in the. maximum lift coefficient at 
high Mach-, nu.mher s is .due . to rearward movement of the peak 
negative . pres sure;, as is illustrated by the data in figures 
5, -6-, .and- 7, . At a Mach number of 0,40 the shape of the 
pressure- dist r.ibution diagram is typical for the max-imum 
lift coefficient region, at low speeds whjsre a high negative 
p.re-ssure peak .occurs slightly aft the leading edge. With 
increase of speed compression shock occurs, which reduces 
the pressure peak at the nose,, and with further increase 
in speed the shock .moves rearward giving rise to more ex-' 
tensive regions of high negative pressure, 3?he loss of 
lift resulting from the 'decrease of the local peak that 
occurs at the nose at 1 ovr speed is then offset by the more 
extensive low-pressure region. The effects of compres s ibil-» ' 
ity are similar to those found at lower lift coefficients in 
regard to the formation and rearward movement of shock and 
the location of the peak negative pressure (reference 5), 
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The failure of thp NACA 16-209 airfoil to show this 
iiicrpasA in maximum lift cc^fficipnt cannot "b** intpr— 
prot'^d to mi^an that a diff'^r'^nt ph-^n^m'^non occurs. An 
examination of th-f^ pr«ssur dis tr ihut ion data pr«si=nt«d 
in f-igiirA 8'for'this airfoil -shows' that .th^ maximum n'^ga— 

"t'iv-o- pr-^ssuro c r^'^f f i6'i«'nt is slightly l^.'ss tha.n — 3 . G , . 
Tho critical Mach numhpr ccrr'^sponding to .this pross'uro 
co'^ffici'^nt is slightly ahovP th** highf^st Mach numhT 
r '^a'ch'^d ■in '-t h'='S » t^sts a-nd , ■•hpnc , tho s-'ho'tfk ■p.h'sli-^mpn'^n 
leading to th^ incr^asp of .thp majcimum llft-'.cdpjfficipilt 
is not pncount or^d , At higher spp^ds whpm shock php— 

■^ri'^ffloiia would "bo ''p>nc ouiit or <= d , tho maximuin lif t 'cop-f f ic i"nt 
f or- t his -a-irf o i 1 s'hould h^ oxppctPd t o show :■ thp sharp 
ris«. Thp hppd f i^r ■fUi'thpr irivpstigati'^n of thin-, low— 
cambPTPd airf '^•ils 'i^ indidatpd, . - ' 

' Th" incroas p ■ iri th« valup "f tfap maximum lift copf— 
ficipnt '^f appr oximat Ply 0,85 with incr^^asp of .airfoil 
design lift c oof f i c i'^nt (camhpr) as shown by thp data 
f-^r thp 16-20 9 and 16-509 airfoils in figurp 4 is notp- 
v/orthy, This pff^et is important, practically, in rpla— 
tion to thp takp— off problem for proppll-^rs, Th" hladp 
soctions may hp dpsignod with slightly highpr camhpr than 
would "b'^ dictated "by th^ dpsign high— spppd lift copffi— 
ci«nt to ohtain improvom^nt in takp— off. This improvo— 
m^nt can "b-^ '^ffpctod withou.t pncountoring any sorlous 
c oranr'p s sih 1 1 i ty -loss at high spp-^ds Td-^cpusp this class of 
airfoil has a rangp of lif t ' c o-pf f Ic ipnt s ab out thp dpsign 
valup for which thp critical Mach numb«r is spnslbly con- 
stant. Thus, through thp us-' of slight ovorcambpr, a 
highor bladp— spct ion maximum lift co^fficipnt can bp pb— 
tainod with thp conspqupnt imprcvpffl«nt in thp thrust for 
thp takp-off condition without materially affpcting thp 
high— spppd oppration, 

Comparison of data for an KACA 0012 airfoil tak^^n 
from unpublishpd fpsts madp in tho 19-fpot prossurp tunnpl 
shows thp samp gpupral variation of lift copfficiont as 
do thp NAOA 16-515 rnd thp 16-509 airfoils in thf low and 
intprmpdiatp spood rangp. Thp Rpynolds numbpr pffpot is 
countpractpd by thp comprpss ibility pffpcts at a Mach num- 
bpr r^f appr-^xi^at Ply 0,20, Tho highpr valu'^s of maximum 
lift co°fficipnt in thp low-spood rangp arp dup probably 
to thp highpr Hoynolris numbpr (fig, Z) at which thp tpsts 
of this airfoil wppp raad« , Thp largp variation pncountpr*>d 
may inriicatp ranrp critical comprpssibllity pffpcts for 
this typp pf airfoil spction. 
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■ • - ; . ,; SUHMAilY 0¥ RESULTS 

1. The laajcimua lift coffficif^nt of airfoils is af — 
foct*>d "by compress ibility to a markf>d (i>grpp' at Meoh nuu— 
■b-^rs as low ad' 0. -2. 

J .... ■ 

2. At hi^ii Mach nurabprs prf^nouncpd incrpasPSr in max- 
imum lift- e.'^'^'ff ici'^nt occur. 

3. The low spppfi. for which compressibility pffpcts 

■''n th*^ maximum lift c^'=fficiont may bo s-nc ount'^rpc' inr'i— 
cat<=s that thp maximum thrust available for tak'=--'Off may 
bp markor'ly affpctpri, Splpcti'^n '^f spctions suitable for 
prop'^ll'^rs must, thprof orp , ■ b^^ mar'p with rfup cons i^prpt ion 
of thp pffpct of compr pss ibility on th° maxiraum lift co^f-. 
f iciont , 

4. It is inrt.icatpfi that, for margi-nal takp— off thrust, 
s onip , impr ovpmo nt may bp ftffpctp'' without sprious loss at 
high sp-^pri. by usp of dpsign cambpr slightly highor than 
would bp dictatpd by high— spppd c ons idprat i ons alono. 

■ Langl^y . Mpinor ial A'=r onaut ica 1 Laboratory, 

'^Wat-ioaal Advisory Committpp for Aeronautics,. 
. ' Langlpy Fipld. , Vat 
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TABU! 1 
AIRFOIL OHDINATES 



NACA 16-209 



UPPER SURFACE 


LOVffiR SURFACE 




y 


X 


7 


(percent) 


(percent) 


(percent) 


(percent) 


0.256 


0.512 


0.344 


-0.448 


.545 


.733 


.655 


-.615 


1.183 


1.074 


1.317 


-.860 


2.421 


1.538 


2.579 


-1.166 


4.912 


2.196 


5.088 


-1.564 


7.409 


2.696 


7.591 


-1.848 


9.909 


3.109 


10.091 


-2.075 


14.914 


3.772 


15 . 086 


-2.426 


19.923 


4.293 


20.077 


-2.701 


24 . 933 


4.708 


25.067 


-2.918 


29.945 


5.035 


30.055 


-3.091 


34.958 


5.285 


35.042 


-3.225 


39.972 


5.461 


40.028 


-3.319 


44.986 


5.568 


45.014 


-3.378 


50.000 


5.603 


50.000 


-3.397 


55.014 


5.566 


54.986 


-3.376 


60.028 


5.447 


59.972 


-3,305 


65.041 


5.237 


64.959 


-3.177 


70.053 


4.924 


69.974 


-2.980 


75.063 


4.497 


74.937 


-2.707 


80-. 069 


3.943 


79.931 


-2.351 


85.071 


3.253 


84.929 


-1.909 


90.066 


2.404 


89.934 


-1.370 


92.061 


2.017 


91.939 


-1.129 


94.054 


1.598 


93.946 


-.876 


95.050 


1.375 


94.950 


-.743 


96; 049 


1.145 


95.956 


-.611 


98.031 


.651 


97.969 


-.339 


100.000 


.089 


99.989 


-.089 



Slope of radius 

through end of chord = 0.124 

L.B. radius = 0.396 percent 



NACA 16-509 



UPFJSR SURPACE 


LOVffiR 


SURFACE 


X 


y 


X 


7 


(percent) 


(percent) 


(percent) 


(percent) 


0.192 


0.550 


n A r\Q 
U,4Uo 


-u.oyu 


.465 


.810 


trxez 

,7oo 


-.514 


1.084 


1.223 


i,4lD 


— .00/ 


2.305 


1.805 


O • RQfk 


-.o/£> 


4.781 


2.659 


0 .<dj.9 


— j..o/y 


7.274 


3.323 


1 . I do 




9.774 


3.876 


T /^ oo/s 


-i.<iy<i 


14.787 


4.775 




-X.4H 


19.807 


5.483 


• IvO 


— J..uU<5 


24.833 


6.048 


oc n erf 
do . XO I 


.— X.O ( <s 


29.863 


6.491 


oU. lo / 


T CXI 


34.895 


6.829 


•z c T r\c 
oo . lOo 


-1.679 


39,929 


7.067 


A r\ ' /^m 
4U.U /i. 


-1. 1 XI 


44.964 


7.211 




— X. 1 CO 


50.000 


7.258 


50.0O0 


-1.742 


55.036 


7.209 


54.964 


-1.733 


60.071 


7.053 


59.929 


-1.697 


65.104 


6.781 


64.896 


-1.631 


70.133 


5.380 


69.867 


-1.S20 


75.157 


5.838 


74.843 


-1.362 


80.173 


5.133 


79.827 


-1.153 


85.178 


4.257 


84.822 


-.893 


90.164 


3.173 


89.836 


-.589 


92.152 


2.677 


91.848 


-.457 


94.135 


2.133 


93.865 


-.329 


95.123 


1.843 


94.077 


-.263 


96.110 


1.540 


95.890 


-.204 


98.076 


,880 


97.924 


-.100 


100.000 


.000 


100.000 


.000 



Slope of radius 

through end of chord = 0.312 

L.E. radius = 0.396 percent 



NACA -16-515 



UPPER SURFACE 


LOWER 


SURFACE 


X 


y 


X 


y 


percent) 


(percent) 


(perc«nt) 


(percent) 


0.120 


0.861 




— U# /UJ. 


.375 


1.253 




-•tfO { 


.973 


1.859 


X»Od 1 


1 TOT 


2.174 


2.699 






4.635 


3.907 


O.OOO 


— « 0^ / 


7.123 


4.831 


1 .0/ I 




9.624 


5.598 


lO.OYO 


-5.U14 


14.644 


6.838 


xO .000 


—0 • 4 f 4 


19.679 


7.811 




—0 •001 


24.722 


8.588 


10 


—4* • lliG 


29.772 


9.197 




A TTT 


34.825 


9.664 


ootXIs 


-4 •014 


39.882 


9.995 


4U.XXO 


•"4 •ooy 


44.941 


10.193 


to .uoy 


—4 • / 1 / 


50.000 


10.258 


50.000 


-4.742 


55.059 


10.189 


54.941 


-4.713 


60.118 


9.969 


59.882 


-4.613 


65.173 


9.584 


64.827 


-4.434 


70.222 


9.014 


69.778 


-4.154 


75.262 


8.237 


74.738 


-3.761 


80.289 


7.230 


79.711 


-3.250 


85.296 


5.973 


84.704 


-2.609 


90.274 


4.428 


89.726 


-1.844 


92.254 


3.720 


91.746 


-1.500 


94.224 


2.952 


93.776 


-1.148 


95.206 


2.546 


94.794 


-.966 


96.184 


2.121 


95.816 


-.785 


98.127 


1.208 


97.873 


-.428 


100.044 


.045 


99.956 


-.045 



Slope of raditis 

through end of chord = 0.512 

L.E. radius = 1.10 percent 



orifice 




(q) NACA 16-515 

1 




(b) NACA le-sos 




(c) NACA I6-Z09 



Fiqure Airfoils -fesfed, Ori-Pice 
lotafions fhB same for ait airfoils . 



y&rtical Cnss-'Sec-i^ion 




Figure. 2,— /J/oyz-omo^/c ^Ac^h of w/ns moun-h^ 



NACA 



Figs. 3A 



OOiZ ^i/vo~foo^ chord airfoil 
in the 19-foo-h pressure funnel 



q) 

I 

C 



0 

c 




in fhe a-foat high -speed tunnel 



.3 A .5 

Mach numb&r, M 

rigure. 3,- Variation of /Rcynojc/j r>umbe.r wtth 
Mach humbe.r. 



•5 ^ 




N.ACA 



Figs. 5,6 




f/gurs S.- Variation in lai'sssur-c distriiiut/on ovmr fofvi/afcl SO jomfcent of f/^e 
upper surface v^ith /^acfi rtunrtSmr for i-fie A/ACA 16-SIS at an angle 
of attctcM of // decrees. 




Ftgwt6.- Variation in jsressure distribution over for.vt/ard SO percent of the 

upper Surface with l^ach number- for the /VAC A /G-SIS at an an^le 
of attach of IZ degrees. 



NACA 



Figs. 7,8 



-<.o 



A/o/e; Comiot»te pressure c/fstrf but ion 
plott^ol on/y for M =• 0.3Q, 




II 
u 



Ff^ure l.-Var/afion /r> /ores sure aftstribui-ion over the foryi^arcl SO /oercent of 
the upper sur/atce kv///? A^rc/> number tor the A/ACA /6SOO a* an an^/e 
of atfacM of 7 e/e^reet. 




Figure 8~ 

Variation in pressure. effstr/Sutio/i ove.r i-he. -fbrt^/orei SO purcmnf of ihK. 

upper surface v</ith /^aeJi number for ihm. A^ACA /6-Z09 at on ang/e 
of attack of a q^^rmej. 



